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Abstract 
To capture carbon dioxide (CO2), a major green house gas from flue gas, several kinds of adsorbents have been synthesized, 
characterized and tested. In this study, CaO-based adsorbents were synthesized via sol-gel-hydrothermal method and different 
hydrothermal temperatures (100, 120, 140 and 160qC) have been investigated in order to verify their influence on the CaO-based 
adsorbents. Experimental results showed that the Ca(OH)2 adsorbent with a mixture of CaCO3 synthesized at 120qC 
hydrothermal treatment possesses high CO2 adsorption capacity (0.52 g-CO2/g-sorbent) and at 160qC hydrothermal treatment, 
CaC2O4.H2O adsorbent was observed and its CO2 adsorption capacity was 0.46 g-CO2/g-sorbent for first carbonation/calcination 
cycle. 
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1. Introduction 
To mitigate the emission of carbon dioxide (CO2), a major anthropogenic greenhouse gas from the combustion of 
fossil fuel has been one of public concerns due to its adverse effect towards the environment, mainly global warming 
and climate change. Thus, carbon dioxide capture and storage (CCS) technology becomes an attractive and effective 
technique to capture CO2 from power plants or industrial processes [1].  
Several kinds of adsorbents and absorbents (such as amines, zeolite, activated carbon, metal organic framework 
and calcium oxide) have been fabricated for large-scale CO2 capture including post-combustion, pre-combustion and 
oxy-fuel combustion. In recent years, calcium oxide based adsorbents are one of the most promising adsorbents to 
capture CO2 due to their high adsorption capacity, low cost, wide availability in natural minerals (e.g. limestone) and 
reversible carbonation/calcination reaction [2]. 
 E.T. Santos et al. [3] fabricated a CaO adsorbent via sol-gel method and investigated the sintering resistance of 
the synthesized CaO adsorbent. Luo et al. [4] studied the cyclic stability of CaO-based adsorbents (CaO/Ca12Al14O33 
and CaO/La2O3) synthesized by sol-gel-combustion-synthesis method and wet physical mixing method. Florin et al. 
[5] observed the improvement of adsorption capacity of a CaO-based adsorbent with a mixed calcium-aluminum 
binder that was prepared by mixed precipitation method. However, to the best of our knowledge, studies on sol-gel-
hydrothermal synthesis of CaO-based adsorbents have been rarely reported to date. 
In this work, CaO-based adsorbents were synthesized via sol–gel–hydrothermal method at temperatures below 
180°C. The objective of this work is to investigate the influence of hydrothermal temperature on crystal structure, 
crystallite size, morphology and CO2 adsorption capacity of as-synthesized CaO-based adsorbents. 
 
Nomenclature 
mn mass of the carbonated adsorbents after n cycle(s) 
mi  initial mass of the calcined adsorbents 
MCaO  molar mass of CaO 
MCO2  molar mass of CO2  
Xn(%) CO2 conversion 
 
2. Experimental 
2.1. Sample preparation 
All reagents used were of analytical grade and were used without further purification. Firstly, an aqueous solution 
which consists of calcium nitrate tetrahydrate (R&M chemical) and citric acid monohydrate (Merck) with a molar 
ratio of 1:1 was vigorously stirred for 5 h at 80°C to obtain a viscous gel. The gel was dried overnight at 140°C in 
oven. In the second step, 2 g of resulting powders were mixed with 1 M of NaOH solution and stirred for 30 min, 
and then moved to a Teflon-lined stainless-steel autoclave. The autoclave was not purged by inert gas before the 
reaction. Hydrothermal reactions were conducted at 100, 120, 140 and 160°C for 24 h. After hydrothermal reaction, 
the precipitates were centrifuged, washed with distilled water and ethanol for several times, and dried in oven at 
70°C for 24 h. Reaction pressure was not controlled in this experiment and let to increase according to the 
temperature increase. As long as the other reaction conditions are kept the same, the resulting reaction pressure will 
be the same, thus the repeatability of hydrothermal synthesis results can be obtained by using the same reaction 
parameters.  
2.2. Characterization 
X-ray diffraction (XRD) patterns were obtained with a Rigaku X-Ray Diffractometer using Cu KD1 radiation      
(λ = 0.154056 nm) and the working current and voltage were 20 mA and 40 kV, respectively. The morphology of 
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the adsorbents was observed by a Carl Zeiss SUPRA 35 VP field emission scanning electron microscopy (FE-SEM). 
Before FE-SEM analysis, the samples were coated with a thin layer of platinum to avoid sample charge up. To 
determine the presence of the functional groups ( CO 23 ,
1OH  ), a JASCO FT/IR-6100 FV fourier transform 
infrared spectroscopy was used over the region of 400-4,000 cm-1 with KBr pellet technique with spectral resolution 
of 4 cm-1. A thermogravimetry-differential thermal analysis (TG-DTA) was carried out using a Rigaku TG/DTA at a 
heating rate of 10qC/min up to 900qC. 
2.3. CO2 adsorption measurement 
A Rigaku thermogravimetry-differential thermal analysis (TG-DTA) apparatus with Thermoplus 2 software was 
used to perform the CO2 adsorption measurement. Carbonation/calcination processes were performed at 800qC. A 
small amount of as-synthesized adsorbent (~ 6.5 mg) was placed in a platinum crucible and heated from room 
temperature to 800qC at a heating rate of 10qC/min under 100% N2 gas flow and held for 5 min at 800qC under N2 
gas in order to achieve complete decomposition. After that, carbonation performance was carried out for 30 min 
under 100% CO2 gas flow. The carbonated adsorbent was calcined for 6 min under 100% N2 gas flow and then 
carbonation/calcination performances were repeated. The constant gas flow rate for CO2 and N2 was 40 ml/min. The 
CO2 adsorption capacity and CO2 conversion were calculated using the following equations. 
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Where mn is the mass of the carbonated adsorbents after n cycle(s), mi is the initial mass of the calcined adsorbents, 
MCaO and MCO2 are molar mass of CaO and CO2, respectively. 
3. Results and discussion 
 
 
Fig. 1. (A) X-ray diffraction patterns; (B) FTIR spectra of CaO-based adsorbents synthesized at different hydrothermal temperatures for 24 h. 
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Fig. 1 (A) and (B) show the XRD patterns and FTIR spectra of as-synthesized adsorbents prepared for 24 h at 
different hydrothermal temperatures. In comparison with standard PDF files (whewellite-20-0231, portlandite-72-
0156, calcite-05-0586 and vaterite-33-0268), the adsorbent prepared at 100°C hydrothermal treatment can be 
indexed as portlandite (Ca(OH)2); however, whewellite (CaC2O4.H2O) and vaterite (CaCO3) peaks are also 
observed in Fig. 1(A-a). The adsorbents prepared at 120 and 140°C hydrothermal temperatures have high intensity 
peaks at 2θ values of around 34° which represents the characteristic peak of portlandite, but whewellite, calcite and 
vaterite peaks also can be found (Fig. 1(A-b) and (A-c)). Pure whewellite peaks can be seen in XRD pattern of 
adsorbent prepared at 160°C hydrothermal temperature as shown in Fig. 1(A-d).  
The peaks indexed to the reflection from (001), (100), (011), (012), (110) and (111) planes, at 2θ values of 
around 18°, 28°, 34°, 47°, 50° and 54°, respectively, correspond to portlandite phase, the reflection from (110), 
(112), (114), and (300) planes, at 2θ values of around 25°, 27°, 32° and 43°, respectively, correspond to vaterite 
phase, the reflection from (104) plane, at 2θ value of around 29° represents calcite phase and the sharp reflection 
peaks from )011( , (020), )022( , (112), (113) and (321) planes, at 2θ values of around 15°, 24°, 30°, 36°, 39° and 
43°, respectively, represent whewellite phase. Table 1 shows the crystallite sizes of the CaO-based adsorbents, 
calculated using Scherrer’s equation (D=0.9O/EcosT). When the hydrothermal temperature increased from 100°C to 
120°C and 140°C, the crystallite sizes also increased. However, at the hydrothermal temperature of 160°C, the 
crystallite size of resulting adsorbent is smaller than those of other adsorbents which may be due to the different 
phases of the CaO-based adsorbents (pure whewellite).  
Fig. 1(B) shows the FTIR spectra of synthesized CaO-based adsorbents. The sharp bands at 3642 and 3643 cm-1 
in Fig. 1(B-a and B-c) and the weak band at 3643 cm-1 in Fig. 1(B-b) represent the O-H stretching modes of 
portlandite (Ca(OH)2), which are matched well with the characteristic peaks of portlandite adsorbents as shown in 
XRD patterns. The O-H stretching mode of whewellite can be observed in the wave number range from 3480 to 
3063 cm-1. The intense bands around 1317 and 1617 cm-1 are associated to antisymmetric and symmetric C-O 
stretching modes of whewellite. The wide bands at 1446, 1462 and 1485 cm-1 are related to C-O bonds from 
carbonate while the intense and sharp bands at 875 and 876 cm-1 correspond to Ca-O bonds (Fig. 1(B-a, B-b and    
B-c)). The sharp bands at 781 and 782 cm-1 are also associated to C-O bonds while weak bands at 662, 663 and 666 
cm-1 as well as at 516 and 518 cm-1 are assigned to water librations and CO2 wagging modes [7,8], respectively, as 
shown in Fig.1 (B-b, B-c and B-d). 
 
 
Fig. 2. FE-SEM images of CaO-based adsorbents hydrothermally prepared at (a) 100°C; (b) 120°C; (c) 140°C; (d) 160°C for 24 h. 
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Figure 2 shows FE-SEM images of CaO-based adsorbents synthesized at different hydrothermal temperatures. 
The influences of hydrothermal temperatures on the morphology of CaO-based adsorbents are clearly observed in 
Fig. 2. At 100°C hydrothermal treatment, random size of cube-shaped, pyramid-shaped, and rectangular-shaped 
adsorbent can be seen (Fig. 2(a)). When the hydrothermal temperature was increased to 120°C, micro-size plate-
shaped adsorbent was observed in Fig. 2(b). The morphology of the adsorbent became micro-size polyhedron-
shaped (3-4μm in size) and rounded rectangular-shaped (3-4μm in length and 1-1.5μm in width) as well as nano-
size particles when the hydrothermal treatment was increased to 140°C as shown in Fig. 2(c). At the hydrothermal 
temperature 160°C, micro-size flower-shaped structures appeared (Fig. 2(d)). 
Table 1. Crystallite size of CaO-based adsorbents. 
Sample Hydrothermal temperature Synthesized products Crystallite size (nm) 
A 100°C Portlandite mixed with whewellite and vaterite 49.76 
B 120°C Portlandite mixed with whewellite, calcite and vaterite 59.37 
C 140°C Portlandite mixed with whewellite, calcite and vaterite  61.56 
D 160°C Whewellite  41.28 
 
 
 
 
Fig. 3. (A) TG; (B) DTA analysis of CaO-based adsorbents hydrothermally prepared at 120°C, 140°C and 160°C for 24 h. 
Fig. 3(A) and (B) show the TG and DTA curves of the adsorbents hydrothermally treated at 120, 140 and 160°C 
for 24 h. It can be seen that weight losses occurred in three steps between 100 and 180°C, 400 and 500°C as well as 
600 and 770°C. Step I (100-180°C) corresponds to the removal of water molecule (CaC2O4.H2O to CaC2O4), step II 
(400-500°C) is related to the evolution of carbon monoxide (CaC2O4 to CaCO3) and step III (600-770°C) can be 
assigned to the evolution of carbon dioxide (CaCO3 to CaO), which are also confirmed by the endothermic peaks 
around 160°C and 475°C and also between 710 and 760°C in DTA curves as shown in Fig. 3(B) [6]. TG-DTA data 
is consistent with the XRD and FTIR results. The TG data of CaO-based adsorbents is listed in Table 2. The 
theoretical TG weight losses for step I, step II and step III are 12.3%, 19.2% and 30.1%, respectively (calculated 
from CaC2O4.H2O decomposition) [7,8]. The experimental weight losses for step I and step II were lower than the 
theoretical value, because the samples also contain calcite, vaterite and portlandite, which do not undergo 
decomposition at step I and step II temperature range. Adsorbent prepared at 160°C showed the closest weight 
losses to the theoretical value due to its high whewellite content. Small exothermic peaks observed at temperature 
range of 400-430°C are attributed to the Boudouard reaction, or to CO oxidation to CO2. 
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Table 2. TG data of  CaO-based adsorbents. 
Hydrothermal 
temperature 
TG Weight loss (%) 
 Step I (100-180°C) Step II (400-500°C) Step III (600-770°C) 
120°C 7.49 10.17 33.17 
140°C 4.45 8.71 32.67 
160°C 10.41 16.21 30.16 
 
 
Fig. 4. Carbonation/calcination cycles of the CaO-based adsorbent hydrothermally prepared at 120°C for 24 h; carbonation and calcination were 
conducted at 800°C under 100% CO2 and N2, respectively. 
Fig. 4 shows the carbonation/calcination cycles of the adsorbent (portlandite mixed with whewellite, calcite and 
vaterite) prepared at 120°C hydrothermal reaction. The complete carbonation/calcination processes of the adsorbent 
are described by the following equations. When the adsorbent are heated from room temperature to 800°C under 
100% N2 gas, the thermal decomposition of CaO-based adsorbents can be observed as expressed in eq (3), (4) and 
(5). At 800°C, carbonation reaction (eq-6) and calcination reaction (eq-7) take place under 100% CO2 and N2 gas 
flow for 30 min and 6 min alternately. 
OHOCaCOHOCaC C 242242
180100.  o q       (3) 
COCaCOOCaC C  o q 342 500400    (4) 
23
800600 COCaOCaCO C  o q    (5) 
32
800 CaCOCOCaO C o q    (6) 
2223
800 NCOCaONCaCO C   o q    (7) 
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Fig. 5. (A) CO2 adsorption capacity; (B) CO2 conversion of CaO-based adsorbents vs. cycles. 
In Fig. 5(A) and (B), the cyclic CO2 adsorption capacity and CO2 conversion of CaO-based adsorbents are plotted 
against cycle number. As can be seen in Fig. 5(A-a, A-b and A-c), the CO2 adsorption capacities of adsorbents 
prepared at the hydrothermal temperature of 100, 120 and 140°C (portlandite mixed with whewellite, calcite and 
vaterite) were around 0.52 and 0.32 g-CO2/g-sorbent after first and third carbonation processes, respectively. The 
CO2 adsorption capacity and CO2 conversion of the adsorbent prepared at 160°C (whewellite) were less than those 
of portlandite mixed with whewellite, calcite and vaterite adsorbents as shown in Fig. 5(B). Table 3 summarizes the 
detailed CO2 adsorption capacity and CO2 conversion of CaO-based adsorbents. On the basic of the above 
observations, the variations in the hydrothermal temperature led to different crystal phases and morphologies, which 
therefore resulted in the adsorbents having different CO2 adsorption capacities and CO2 conversions. Moreover, the 
internal pressure will also influence the results of the hydrothermal synthesized adsorbents since the internal 
pressure therein changes with the increase of the hydrothermal temperature.   
Table 3. CO2 adsorption capacity and CO2 conversion of CaO-based adsorbents. 
Sample Hydrothermal 
temperature 
CO2 adsorption capacity (g-CO2/g-sorbent) CO2 conversion (%) 
1st cycle 2nd cycles 3rd cycles 1st cycle 2nd cycles 3rd cycles 
A 100°C 0.51 0.38 0.30 65.40 48.74 37.86 
B 120°C 0.52 0.38 0.32 65.91 48.57 40.31 
c 
d 
140°C 
160°C 
0.49 
0.46 
0.37 
0.33 
0.30 
0.28 
62.92 
58.86 
47.05 
41.72 
37.58 
36.13 
4. Conclusion 
CaO-based adsorbents were synthesized via sol-gel-hydrothermal method using citric acid and calcium nitrate 
tetrahydrate as precursors. It was found that the hydrothermal temperature significantly influenced the crystal phase, 
morphology and CO2 adsorption capacity of the obtained adsorbents. Adsorbents contained portlandite mixed with 
whewellite, calcite and vaterite showed better adsorption capacity than whewellite adsorbent. The microsize plate-
shaped portlandite with a mixture of calcite, vaterite and whewellite adsorbent can be derived from a relatively low 
hydrothermal temperature (120°C) and possesses high CO2 adsorption capacity (0.52 g-CO2/g-sorbent). However, 
further study is needed to investigate the cyclic stability of the synthesized CaO-based adsorbents.  
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